Objectives: To evaluate the impact of liver and kidney transplantation on survival in HIV-positive transplant candidates and compare outcomes between HIV-positive and negative recipients.
Introduction
Almost 2% of people with HIV are estimated to develop kidney failure, and liver failure is an important non-AIDS cause of death [1] [2] [3] [4] . In the Solid Organ Transplantation in HIV: Multi-Site Study (HIV-TR), we hypothesized that immunosuppression would not accelerate HIV disease progression nor reduce survival in recipients with a relatively intact immune system and well suppressed viremia, and that outcomes would be similar to other commonly accepted higher-risk transplant patients, such as those over the age of 65 [5] [6] [7] .
We previously described patient and graft survival in 150 kidney and 125 liver transplant recipients [8] [9] [10] . One to three year outcomes in kidney recipients and HIVhepatitis B virus (HBV) co-infected liver recipients were similar to historical data from transplant registries, whereas outcomes in HIV-hepatitis C virus (HCV) coinfected recipients were poorer [8] [9] [10] . To evaluate the impact of transplantation, we now describe graft and patient survival among HIV-infected transplant recipients compared with those who were eligible for but did not receive transplants. To assess the impact of HIV-infection on transplant outcomes, we compare 5-year patient and graft survival in HIV-TR recipients with unmatched, demographic-matched, and risk-matched HIV-negative recipients identified in the national database. We describe predictors of patient and graft survival to aid in the selection and management of HIV-infected transplant candidates. Finally, we describe opportunistic infections, HIV-associated nephropathy (HIVAN), other infections requiring hospitalization, and CD4 þ T-cell and HIV-1 RNA trends.
Methods
Study participant selection criteria were described previously [8] [9] [10] . Briefly, the CD4 þ T-cell count was greater than or equal to 200 cells/ml in kidney recipients and at least 100 cells/ml in liver recipients. Kidney candidates had undetectable HIV-1 RNA whereas liver recipients could have detectable HIV-1 RNA if a fully suppressive antiretroviral regimen was likely to be tolerated post-transplant. Patients with a history of opportunistic infections or cancers without effective therapies were excluded. Endpoints included death and graft failure, defined as the first occurrence of death, retransplantation or initial return to chronic dialysis in kidney recipients and death or re-transplantation in liver recipients. In un-transplanted candidates, we measured CD4 þ T-cell counts and HIV-1 RNA and assessed ongoing study eligibility quarterly. All analyses are stratified by organ.
Candidate-recipient analysis: impact of transplant on survival Transplant candidates did not receive a transplant due to lack of organ availability, no longer meeting study eligibility requirements, being transplanted off-study, dying before an organ became available, inability to adhere to the study requirements, their own decision, or the study reaching its enrollment cap. We compared mortality between transplant recipients and eligible candidates who did not receive a transplant during the study period via proportional hazards models. Transplantation was examined as a time-dependent covariate to assess its impact of mortality.
Predictors of transplant recipient death and graft loss
We examined the following factors in proportional hazards models of death and graft loss: HIV disease stage; potentially hepatotoxic or nephrotoxic antiretrovirals and opportunistic infection prophylaxis; potential drug interactions that may result in toxic or inadequate immunosuppression exposure; and drug interactions that could result in antiretroviral antagonism. HIV-specific predictors in recipient mortality models included enrollment/most recent pretransplant detectable HIV RNA in liver recipients and nadir/enrollment/most recent pretransplant CD4 þ T-cell count. All variables with P < 0.1 from univariate models were included in the respective initial multivariate model. Subsequently, variables with P ! 0.1 were excluded, the model was re-fit, and interactions were examined.
Complications and other outcomes in HIV-infected transplant recipients
We examined the incidence of opportunistic infections and HIVAN and the incidence, characteristics and predictors of non-opportunistic serious infections resulting in hospitalization. Predictors of within-person CD4 þ T-cell trends were examined in univariate and multivariate linear repeated measures models. One-and 3-year Kaplan-Meier estimates for cumulative incidence of loss of HIV RNA control were developed; proportional hazards models were fit by organ to identify predictors of any loss of HIV RNA control. Any loss of HIV RNA control was defined as two or more consecutive detectable measures.
HIV-infected recipient versus HIV-negative control analysis: impact of HIV on patient and graft survival
We compared the outcomes of HIV-TR recipients with controls identified from the Scientific Registry of Transplant Recipients (SRTR) as of 15 March 2013. The SRTR includes data on all transplant recipients in the United States. Identification of HIV-TR recipients in the database was conducted by the SRTR using sex, organ, and birth and transplant dates as identifiers. The control set, restricted to the HIV-TR study period for comparability, excluded HIV-TR recipients, other documented HIV-positive recipients, and re-transplant recipients.
For each of the graft failure and death time-to-event comparisons, four proportional hazards models were fitted to assess the consistency of the findings. These included an unmatched model adjusting for all covariates and using all eligible SRTR recipients as controls; demographic-matched and risk-matched controls examining HIV status; and a demographic-matched control analysis adjusted for risk score. Two matched control selection strategies, demographic-based and risk-based (propensity scores), were conducted with a 1 : 4 study participants to control ratio.
For risk-based matching, individual risk scores were calculated using individual characteristics and parameter estimates from proportional hazards regression models (excluding HIV-positive recipients) evaluating recipient sex, ethnicity, age at transplant, diabetes, hypertension, body mass index (BMI), hepatitis C antibody, hepatitis B core antibody, hepatitis B surface antigen, cytomegalovirus antibody status, work status, education, and primary method of payment; human leukocyte antigen match, cold ischemic time, and time of transplant (10/1/03-12/ 31/05, 1/1/06-12/31/07, 1/1/08-2/7/10); and donor sex, ethnicity, age, diabetes, hypertension, and cause of death. The kidney model was further adjusted for primary cause of kidney failure, time on dialysis, panel reactive antibody, expanded donor criteria [8] and donor relationship to recipient [11] . The liver model was further adjusted for MELD score, multiple organ transplant, donor BMI, smoking, bilirubin and creatinine. The liver model variables were identified in a previous analysis of transplant risk [12] . These 27 and 31 variables were used to calculate kidney and liver recipient risk scores, respectively, with no variable selection. Two events resulted in two riskmatched sets: time to graft failure and to death. The study participants and controls were combined and ranked by their risk score. Two adjacent controls with higher and two with lower risk scores were selected. As risk-based matching already took into account the covariates described, for each of the two time-to-event comparisons, a proportional hazards model was fitted examining only the HIV status.
For the demographic-matched analysis, controls were randomly selected among those matched by time of transplant (within 1 year), age (within 2 years), sex, ethnicity, deceased versus living donor, and receipt of concomitant kidney for liver recipients. For each outcome, an unadjusted demographic-matched proportional hazards model was fitted evaluating the HIV status only. For the adjusted demographic-matched model, a risk factor score was added to account for the variables not adjusted for by demographic-based matching. For the kidney and liver models, the remaining 22 and 25 variables, respectively, were entered into the proportional hazards models, and subsequently the calculated risk score was entered into the final adjusted demographic-match models as a covariate in addition to HIV status.
The same set of 600 and 496 matched controls was used for the two outcomes for the demographic-matched analyses among kidney and liver transplant recipients, respectively. Missing values were incorporated in the models as a new covariate level.
Results
We enrolled 125 liver and 150 kidney transplant recipients and 148 liver and 167 kidney transplant candidates between October 2003 and February 2010 (liver)/June 2009 (kidney) ( Table 1 ) [8] [9] [10] . Surviving liver and kidney recipients were followed posttransplant for a median of 3.5 years [interquartile range (IQR) 1.8, 5.0] and 4.0 years (IQR 3.1, 5.0), and a maximum of 6.1 and 5.9 years, respectively. Liver and kidney candidates were followed postenrollment for a median of 1.1 years (IQR 0.1, 2.8) and 1.1 years (IQR 0.5, 2.2), and a maximum of 5.9 and 4.5 years, respectively. Recipient deaths are shown in Table 2 .
Candidate-recipient analysis: impact of transplant on survival
In multivariate models, transplantation was associated with a significant survival benefit for liver recipients with MELD at least 15 [hazard ratio (HR) 0.1; 95% confidence interval (CI) 0.05, 0.1; P < 0.0001], but not for MELD less than 15 (HR 0.7; 95% CI 0.3, 1.8; P ¼ 0.43) or for kidney recipients (HR 0.6; 95% CI 0.3, 1.4; P ¼ 0.23) ( Tables 3 and 4 ). Table 1 , http:// links.lww.com/QAD/A808). The same factors appeared in the graft loss model, but with HCV infection being significant (HR 2.4, P ¼ 0.02) and BMI being marginally significant (HR 1.9, P ¼ 0.06) (Supplementary Table 2 , http://links.lww.com/QAD/A808). These HIV-specific factors were not associated with mortality in unadjusted models: nadir, enrollment or pretransplant CD4 þ T-cell count or detectable HIV-1 RNA. Liver graft loss was not For each endpoint, separate risk models were used to identify the two risk match control groups. Table 2 , http://links.lww.com/QAD/A808). None of the previously described CD4 þ T-cell count or antiretroviral variables, posttransplant HIV-1 RNA, or tenofovir were associated with kidney transplant recipient mortality or graft loss (data not shown).
Predictors of transplant recipient death and graft loss

Complications and other outcomes in HIV-infected transplant recipients
There were no recurrent opportunistic infections in recipients with a pretransplant history, and opportunistic infection history was not associated with survival. There were four cases of cutaneous Kaposi's sarcoma, five esophageal and one bronchial candidiasis, two Pneumocystis jirovecii pneumonia (PCP) and one cryptosporidiosis. Four liver recipients who had candidiasis or PCP died due to multisystem organ failure, cerebrovascular accident or recurrent hepatitis C.
There were three cases of recurrent HIVAN. CD4 þ T-cell counts at the time of HIVAN diagnosis were 0, 97 and 770 per cubic millimeter. Graft losses occurred at 31, 22 and 14 months after the diagnosis, respectively.
Sixty-nine (55%) liver and 75 (50%) kidney recipients experienced 215 and 197 non-opportunistic infections requiring hospitalization, respectively. Half occurred within 6 months post-transplant. Among cultured liver recipient infections, 81% were bacterial, 7% fungal, 5% viral and 1% protozoal. Infection sites were blood (20%), respiratory tract (13%), and genitourinary tract (13%). Among cultured kidney recipient infections, 70% were bacterial, 9% fungal and 12% viral and sites of infection were genitourinary tract (26%), blood (18%), and respiratory tract (17%). Hepatitis C was associated with increased serious infection risk for both liver (HR 2.8; 95% CI 1.4, 5.4; P-value 0.003) and kidney (HR 2.1; 95% CI 1.2, 3.7; P-value 0.006) recipients. MELD, nonwhite race and enrollment BMI less than 21 were also associated with serious infections for liver recipients; early thymoglobulin use and lower nadir CD4 þ T-cell count were associated for kidney recipients (data not shown).
Liver transplantation, HCV infection and higher MELD score were associated with decreased CD4 þ T-cell count; higher nadir and enrollment CD4 þ T-cell count and time post-enrollment were associated with increased CD4 þ T-cell count, suggesting post-transplant recovery of CD4 þ T-cells. In the kidney model, transplantation and thymoglobulin were associated with decreased CD4 þ T-cell count, whereas higher nadir and enrollment CD4 þ T-cell count were associated with increased CD4 þ T-cell count. Time posttransplant was not protective (Supplementary Table 3 , http://links.lww.com/QAD/A808).
Among 15 liver recipients with detectable HIV RNA at transplant, 13 were undetectable within 3 months, and the others after 5 and 9 months post-transplant. Of 110 liver recipients with undetectable HIV RNA at baseline, 18 (16%) experienced any loss of HIV RNA control. Of 150 kidney recipients, 20 (13%) had any loss of HIV RNA control. One-and 3-year Kaplan-Meier estimates (95% CI) for cumulative incidence of initial loss of HIV RNA control were 12% (7, 20) and 20% (13, 31) in liver recipients and 8% (4, 14) and 16% (11, 24) in kidney recipients. Only three liver and five kidney recipients with initial loss of HIV RNA control failed to subsequently suppress HIV RNA. In both liver and kidney models, being off antiretroviral therapy was significantly associated with increased risk of loss of HIV RNA control. Higher nadir CD4 þ T-cell count was marginally protective in the liver model (data not shown). BMI, dual organ transplantation, MELD score, and antiretroviral and immunosuppression regimens were not associated with loss of HIV RNA control. Antiretroviral-related drug toxicity was never indicated as a contributing factor in graft failure or death reports.
HIV-infected recipient versus HIV-negative control analysis: impact of HIV on patient and graft survival
The median time posttransplant for kidney and liver transplant survivors was 4.1 years (IQR 3.1-5.1) and 4.3 years (IQR 2.9-6.0), respectively. All HIV-TR kidney recipients, and 124 of 125 liver recipients, were identified by the SRTR. These and 227 additional HIV-positive kidney and 68 liver recipients were excluded as potential controls. Median follow-up time among the study participants and three control groups were similar: 4.0 to 4.1 years in kidney and 3.9 to 4.0 years in liver. Death and graft failure outcomes are shown in Table 2 . In kidney recipients, the unmatched and risk-matched analyses showed a marginally significant hazard ratio for graft loss [HR 1.3 (P ¼ 0.07) and HR 1.4 (P ¼ 0.052)], but no statistically significant increase in risk was observed for HIV-positive transplant recipients for the other models ( Table 5 ). All the models show that HIV-positive liver recipients had a higher relative hazard (1.5-1.6) of experiencing graft failure than the HIV-negative controls. HIV status was not significant in any of the death censored graft failure models. Although the total event number was small, the HRs were also smaller for this event. The relative hazard of death was not significantly higher among HIV-positive liver transplant recipients in the riskmatched analysis, but was in the other three models (HRs 1.4-1.6). The absolute difference in the proportion of deaths was 6.7% in the risk-matched control analysis.
Discussion
In one of the largest prospective cohorts of HIV-infected transplant recipients, transplantation conferred survival benefit in liver recipients with pre-transplant MELD greater than 15, consistent with HIV-uninfected recipient outcomes [13] [14] [15] . HIV-positive liver recipients had a higher relative hazard of both graft failure and death in most control analyses; however, the absolute difference in the proportion of deaths was only 6.7% in the risk- [16] .
HIV-HBV co-infected liver transplant recipients have been effectively managed with regular use of hepatitis B immune globulin and nucleos(t)ide analogues, with excellent survival [10] . In previous analyses comparing HIV-HCV co-infected and HCV-mono-infected liver recipients, patient and graft survival rates were similar among patients who did not have combined kidney-liver transplantation, a BMI less than 21 kg/m 2 [2] , or an HCV-positive donor, highlighting the potential for improved outcomes with careful patient selection and management [9] . Strategies to control HCV using interferon-free regimens and direct acting antivirals will revolutionize the treatment of recurrent HCV, the major contributor to the poorer outcome in co-infected participants [9, 16, 17] . Resources to assist with patient and donor selection, prevention of acute rejection, management of drug-drug interactions, and treatment of recurrent viral hepatitis are increasingly available.
Although we did not detect a survival benefit with kidney transplantation, this may be attributed to the small number of deaths limiting our power to demonstrate a survival difference [18] [19] [20] [21] [22] . HIV-positive kidney recipients experienced similar outcomes as their HIV-negative counterparts approximately 5 years posttransplant in all control analyses. There was, however, a marginally significant HR in two of the graft loss analyses which is likely the result of high rates of rejection in HIV-infected kidney recipients [8] . To improve kidney graft survival, better immunosuppressive agents and/or strategies are needed [23, 24] . Of particular importance is the very low incidence of denovo opportunistic infections/neoplasms. Similarly low rates have been reported in other centers [25] [26] [27] [28] [29] [30] . The lack of association of history of pre-transplant opportunistic infection and nadir CD4 þ cell count with mortality indicates that current immune status and degree of viral control is a more important consideration than HIV clinical history in pre-transplant evaluation. In contrast, non-opportunistic serious infections were an important challenge, occurring in approximately half of patients. We found no association of HIV-related factors with these infections. HCV infection was associated with risk of infection in both liver and kidney recipients. High rates of infectious complications have been reported in HIV-HCV co-infected recipients in several centers [28, [30] [31] [32] [33] [34] . The disproportionate burden of serious infections within the first 6 months implicates initial immunosuppression, but the mechanisms by which HCV infection increases risk of serious infections, particularly sepsis, are not well understood.
Severity of HIV infection, measured by CD4 þ T lymphocyte count nadir and CD4 þ cell count at baseline and transplantation, did not affect graft loss or mortality, validating the HIV-related eligibility criteria. These have been adopted by most transplant centers in the United States and Europe. That HIV was well controlled may explain why detectable HIV RNA was not associated with mortality as it was in other reports [35] . The only significant predictor of loss of virologic control was being off antiretroviral therapy (ART).
Post-transplant management of HIV-infected recipients is challenging due to interactions between immunosuppressant and antiretroviral medications. ART regimens employed in this cohort reflect agents most commonly prescribed during the enrollment period, namely protease inhibitor and NNRTI-based regimens, which have inhibitory and inductive effects on P450-CYP3A enzyme systems, respectively, and mixed effects when employed together. Nontherapeutic immunosuppressant drug exposure resulting from drug-drug interactions and the alternate dosing intervals employed to maintain target trough levels has been hypothesized as a cause of the high rejection rates in this cohort [8] . In kidney recipients, cyclosporine use was associated with an increased rate of graft loss [8] . MMF use emerged as protective against graft loss. This finding, along with the lack of an effect of combining MMF with specific NRTIs on HIV control, suggests limited clinical relevance of the in-vitro interactions among these agents [36] . We found no impact of antiretroviral drug class on patient or graft survival, or on organ rejection rates, and no indication that antiretroviral toxicity contributed to graft failure or death. Thus, drugdrug interactions appeared to have been manageable. The relative contribution of antiretroviral-immunosuppressant medication interactions to high rejection rates may be better discernable in the future with increased reliance on integrase inhibitor-based antiretroviral regimens, which lack most of these drug interactions.
The principal limitations of this study are lack of randomization and prospective enrollment of a control group. Multiple subgroups of patients and heterogeneity of both antiretroviral and immunosuppressant treatment regimens limit our ability to detect differential effects of specific therapies or drug classes on outcomes. Limited information on co-morbidities such as hypertension, hyperlipidemia, cardiovascular disease, and bone demineralization, and concomitant medications used to treat these, did not allow us to ascertain confounding effects of other disease processes on outcomes. A limitation of the registry analysis is the potential misclassification bias in the selection of the control population. Twenty-four percent of recipients identified in the SRTR registry reported an unknown HIV status. However, as HIV infection is rare in renal and liver transplant cohorts, the rate of any misclassification and corresponding impact is expected to be very small. A fourth limitation is the relatively small cohort of HIV-positive transplant recipients evaluated.
With relatively small numbers of events and a large number of factors evaluated in regression models of registry controls, over-fitting is a concern. However, the consistency of the results with the various models and outcomes used demonstrate the robustness of our conclusions. Nevertheless, outcomes should continue to be evaluated in the HIV-positive recipients as transplant becomes more common in this population and new treatments evolve.
In conclusion, these analyses support kidney and liver transplantation as an option for carefully selected people with HIV infection. Refinement of post-transplant management in the era of integrase inhibitor-based ART and direct acting agents for pre-, peri-, and posttransplant treatment of HCV co-infection will be necessary. It is likely that effective HCV therapy will lead to liver transplantation outcomes that are similar to those in HCV-mono-infected patients, as effective HBV treatment has resulted in similar outcomes for HIV-HBV co-infected and HBV mono-infected recipients.
